processing of itchscratching cycles was studied with functional magnetic resonance imaging (fMRI) in healthy volunteers. The back of the hand was repetitively scratched in the absence and presence of itch induced by histamine applied close to the scratched site. Blood-oxygenationlevel-dependent (BOLD) effects were assessed in predefined cortical and subcortical brain regions of interest. Scratch-related activation clusters were found in cortical and subcortical areas which had been associated before with pain processing, namely S1, S2, parietal association cortex, motor and premotor cortex, anterior and posterior insula, anterior and medial cingulum, lateral and medial frontal areas, ipsilateral cerebellum and contralateral putamen. Cortical activations were generally stronger in the contralateral hemisphere. General linear model (GLM) analysis and GLM contrast analysis revealed stronger activations during itch-related trials in the motor and premotor cortex, in lateral frontal fields of both sides, and in a left medial frontal cluster. Subcortically, stronger activation during itch-related scratching trials was found in the contralateral putamen and in the ipsilateral cerebellum. Time course analysis showed significantly higher BOLD levels during the last 3-6 s before the start of scratching when the itch intensity was strongest. This effect was found in frontal areas, in the putamen, and in the somatosensory projection areas. During the scratching, no significant differences were found between itch and control conditions with the exception of the putamen, which showed stronger activations during itch-related scratch bouts. We interpret these itch-related activations anticipating the scratching as possible cerebral correlates of the itch processing and the craving for scratch.
I N T R O D U C T I O N
The intimate relationship between itch and scratching is undisputed. Rothman (1941) quotes an ancient book by Hafenreffer published 1660 in Ulm, Germany, in which itch, probably for the first time in scientific literature, was defined as "the urge to scratch." Not only self-applied scratching alleviates itch, but also being scratched by another person, e.g., at sites one cannot reach. The interaction between itch and scratch input apparently does not occur at the terminals of the itch mediating nerve fibers but is driven by central neuronal interactions (Yosipovitch et al. 2007) . A central nervous interaction has been demonstrated before for the modulation of itch by cooling (Bromm et al. 1995; Mochizuki et al. 2003) . In a recent paper, Davidson and coworkers have shown by single neuron recordings from the spinal cord of monkeys that spinothalamic tract neurons excited by input from histamine-driven primary afferents are inhibited by scratching while they are excited if the input is generated by capsaicin. This is a clear proof of central nervous interaction (Davidson et al. 2009 ).
Recently our group has conducted a psychophysical study in which standardized scratching was repetitively applied to a skin site a few centimeters apart from an area to which an itching stimulus-histamine or cowhage-was directed before (Kosteletzky et al. 2009 ). This form of passive scratching always suppressed the itch sensations effectively for a short period of time.
This is the first fMRI study designed for comparing brain processes during passive scratching in the presence and absence of itching to get information on the brain areas in which the interaction of itch and scratch processing may take place. A secondary goal was to compare the time courses of the cerebral scratch processing under itch and no-itch conditions.
M E T H O D S

Subjects
Fifteen healthy volunteers (7 female, 8 male), aged 20 -50 yr, took part in this study, which was approved by the local ethics committee. They were free of allergies, atopic eczema, or other dermatological diseases. All subjects had given their written informed consent to participate in the study.
Several days before the fMRI experiment, the subjects underwent a training session in which their reaction to the histamine iontophoresis was tested. They were trained in itch rating and accustomed to the scratching procedure. All subjects showed distinct itch reactions to histamine iontophoresis leading to peak ratings of Ͼ30% of the rating scale, the inclusion criterion for participating in the functional magnetic resonance imaging (fMRI) study. They had no obvious deviations in brain morphology (as assessed by MRI during the experiment) and were right-handed.
Experimental procedures
In the fMRI session, three experiments were conducted which followed each other at intervals of 10 min.
In the first experiment, a site at the back of the right hand was scratched by an experimenter (always the same person, M. F.) at the time intervals detailed in the following text.
In the second experiment, histamine was applied to the back of the left hand immediately before fMRI. The subjects had to rate the ensuing itch sensations on an electronic visual analogue scale (VAS) by manipulating a knob with their right hand as in previous studies of this group (Herde et al. 2007) The scratching procedure was performed at identical time intervals as in experiment 1.
In the third experiment, histamine was applied again to the back of the right hand. At this time, the itching induced by the preceding histamine applications had completely subsided. No itch ratings were obtained in this third experiment and hence the experimental condi-tions mirrored those in the first experiment apart from the fact that the scratching was applied on the background of histamine-induced itching.
Histamine application and scratching procedure
The technique of iontophoretic application of histamine was identical to that used by our group in several studies (Handwerker et al. 1987) . Histamine dihydrochloride (1%) was dissolved in a gel of 2.5% methylcellulose in distilled water. This jelly was filled into the 50-l cavity of an acrylic applicator 6 mm in diameter. Current of 1 mA was delivered for 20 s from a silver-silver chloride electrode in this applicator to a large reference electrode applied to the skin (Schmelz et al. 1997) . Itching started 30 s after the beginning of the iontophoresis, on average, and lasted ϳ10 min (Handwerker et al. 1987) . Under the conditions of fMRI, the subjects rated the itch intensity (2nd experiment) half a minute after the end of the histamine iontophoresis with Ͼ36 Ϯ 4.6% (mean Ϯ SE) of the VAS, on average (see following text and Fig. 1 ).
Scratching was performed by an experimenter by using an Lshaped bendable copper sheet (thickness: 1 mm; width: 10 mm; length: 130 mm). The buckled smaller end (width: 10 mm) had rounded edges. The scratching was performed with a strength slightly bending the copper sheet. This exerted a force of ϳ2.65 N to the skin. The experimenter took care to scratch with even strokes of 2 cm length. The scratching periods lasted always 21 s and consisted of 15 strokes. They were repeated eight times at intervals of 39 s.
Scratching was deliberately not applied to the site of histamine application to prevent peripheral interactions at the terminals of "itch fibers"; instead half of the scratchings were delivered to a site ϳ2 cm proximal to the histamine application site, the others to a respective site 2 cm distal to it.
Rating procedure
The magnitude and the time course of the itch sensations were assessed in the experiment 2. In this experiment the subjects had to quantify their itching sensation on a VAS, which was manipulated with a rotary switch. The scale ranged from 0% "no itching" to 100% "unbearable itch sensation." At 30% of its length there was a mark on this scale. The subjects were instructed to pass this mark when they perceived an itch sensation causing the strong urge to scratch.
Data acquisition
MR imaging was performed with a 1.5 T Sonata MRI Scanner (Siemens, Erlangen, Germany). To reduce movements, the subjectsЈ heads were fixed with rubber pads. Their ears were plugged. To enable them to see the VAS positioned outside the scanner, a mirror was installed above their eyes.
Using the echo planar imaging (EPI) technique 172 functional T2*-weighted images of the cortex consisting of 30 axial slices were recorded (TR ϭ 3,000 ms, TE ϭ 60 ms, flip angle: 70°, slice thickness: 4.0 mm, distance factor ϭ 0, field of view: 220 ϫ 220 mm 2 , 128 ϫ 128 pixel). Possible head movements of the subjects were corrected on-line using the prospective acquisition correction of the scanner software (Thesen et al. 2000) .
The fMRI measurements were started with the experiment (1) consisting of scratching the back of the right hand without itch background ("scratch only") followed by the experiment in which histamine and scratchings were applied to the back of the left hand and the itch perceptions were continuously rated (2). Then a T1weighted magnetization-prepared rapid gradient echo (MPRAGE) sequence consisting of 160 sagittal slices of 1 mm thickness, an in-plane resolution of 256 ϫ 256 pixels and a field of view of 220 ϫ 220 mm 2 was recorded. Finally experiment 3 was performed in which histamine and scratching was applied to the back of the right hand ("scratching during itch"). No ratings were performed in this experiment to ensure a situation as parallel as possible to experiment 1.
Data analysis and statistics
fMRI data were statistically analyzed using the BrainVoyager QX, version 1.8 (Brain Innovations, www.brainvoyager.com). Preprocessing of the functional data included motion correction, temporal Gaussian smoothing of 4 s, spatial Gaussian smoothing of 4 mm, and slice scan time correction. To assign the brain activities better to anatomical locations, the individual brains were transformed into standard stereotactic space (Talairach and Tournoux 1988) and the functional data were co-registered and superimposed with the anatomical data (3dimensional MPRAGE data set).
In experiments 1 and 3, group data were analyzed using a general linear model (GLM) random-effect analyses with the factor scratch, represented as a box car function, and subjects as a random effect.
A blood-oxygenation-level-dependent (BOLD) analysis of experiment 2, in which ratings were performed, was not included in this study because it turned out that the scratching bouts had a dominant effect in the fMRI which prevailed also in the scratch-free intervals (see Fig. 4 ). A parametric design with the itch ratings as variable of interest was therefore not expedient. Such studies have been conductedwithout intervening scratch stimuli-by our group and others (Darsow et al. 2000; Drzezga et al. 2001; Herde et al. 2007; Leknes et al. 2007) .
Experiment 2 was used to get information on the time courses of the itch sensations under the conditions of fMRI measurements. Because time course and stimulus intensities were identical in experiments 2 and 3, these psychophysical data can be carried forward from experiment 2 to experiment 3 in which no ratings were performed (see Fig. 1 ).
The analysis of itch-and scratch-induced brain activations was confined to regions that had previously been attributed to somatosensory, itch, and pain processing. To this purpose, regions of interest (ROIs) were defined anatomically by use of a brain atlas based on a Talairach brain (http://ric.uthscsa.edu). The regions of interest consisted of the following. 1) The somatosensory projection areas S1 and S2 (operculum), the parietal somatosensory association cortex (Brodmann area 43). These regions have often been named "lateral system" in pain studies. 2) The insular cortex, the cingulum ("medial system") and the frontal cortex (medial frontal Brodmann area 9 ϩ 10, lateral frontal Brodmann area 45 ϩ 46). 3) The cortical motor system, consisting of the motor (Brodmann area 4) and premotor cortex (Brodmann area 6). And 4) subcortical structures: amygdala, thalamus, putamen and cerebellum. The first part of the experiment was used to analyze the effect of scratching in the absence of itch in comparison to the third part, where the effect of scratch during itch sensation was tested.
The locations of activated brain clusters were identified by comparing their coordinates with the Talairach system (http://ric.uthscsa. edu/td applet Research Imaging Center, University of Texas) and with a printed brain atlas (Duvernoy 1995) . Only clusters of a minimum size of 50 mm 3 were included to avoid false positive results. An uncorrected P value of 0.01 was regarded to be significant for detection of activated areas. Only clusters with centers of gravity in the defined regions of interests were statistically analyzed and their BOLD responses were determined.
To examine brain activations that were significantly different between scratching with and without itching in the background, an additional contrast analysis was performed of experiments 1 and 3.
It started 18 s before a scratch bout (see Fig. 4 ). The time courses of the BOLD signals of the eight cycles were averaged and normalized to their respective grand means, thus deleting offsets. These data were used for the statistical analysis to test for effects of scratch with and without itch on the BOLD signal in the regions of interest. For this an ANOVA repeated-measure design with the factors condition (scratching with itch vs. scratching without itch) and time (20 time points) was performed on the averaged BOLD signals. Post hoc planned comparisons were calculated to compare BOLD differences between the two conditions at certain time points.
R E S U L T S
Psychophysics
The regular scratchings led to a cyclic modulation of the histamine-induced itch response. Figure 1B shows the average time course of the itch sensations rated under fMRI conditions in experiment 2. Most subjects rated the itch intensity Ͼ30% of the rating scale immediately before the first scratching period, indicating an itch intensity, which provoked the "strong desire to scratch" (see METHODS). During the scratching bouts, the itch intensity always dropped dramatically and reached Յ10% by the end of the scratching. This pattern of the rating hardly changed with repetition of the scratch cycles. Figure 1C shows the average time course of the itching during the first scratch cycle. During the first 10 s after the scratching, the itch had almost completely subsided and then it continuously increased again. This effect of the scratching became visible in the ratings after 3 s, which is the resolution of the image recordings (see METHODS).
The strength of itch but not the strength of scratch perception was monitored in this study. The pleasant character of scratching rests in the suppression of itch. In the absence of itch, scratching, as applied in this study, was regarded neutral or slightly unpleasant. To characterize the scratch sensation, we asked our subjects after the scratching in the absence of itch (experiment 1) if it was painful. This was always denied.
BOLD effects
As explained in METHODS, a parametric design with the variable itch rating was not feasible in this study due to the dominance of the scratch effects (see also DISCUSSION) . Deliberately continuous itch ratings were obtained only in the experiment 2 to avoid interference of the motor action of rating with the sensations in experiments 1 and 3. Therefore a categorical design was adopted for these two experiments with the predictor scratch bouts. Table 1 shows the activation clusters in the absence of itch and Table 2 the respective GLM analysis of activation clusters during itch. The patterns are stunningly similar under both conditions. ACTIVATIONS IN THE LEFT HEMISPHERE, CONTRALATERAL TO STIMULATION. In both experiments, the strongest activations were in the left cortex. The highest effect of scratching was found in the somatosensory projection field (S1). In the condition scratch without itch, a t-value of 17.4 was found for this cluster, and in the scratch during itch condition, a peak was found with a t-value of 19. In the single-subject GLM analyses, these activations were found in all subjects (experiment 1) and in all but one subjects (experiment 3), respectively (see Tables  1 and 2) . Strong effects were also found in the left S2 cortex (operculum; t ϭ 12.9 in scratch without itch and 14.8 in scratch during itch) and in the left parietal association cortex (t ϭ 9.6 and t ϭ 12.2, respectively). Likewise, strong BOLD effects were found in the left motor and premotor areas, respectively, see Tables 1 and 2. Outside of the somatosensory and motor areas strong effects were found in the medial frontal (BA9 and BA10) and in the lateral frontal field (BA 45).
BOLD effects related to scratching in the presence and absence of itch
However, one remarkable difference was encountered between the two conditions: In the scratch during itch experiment, a significant cluster was found in the contralateral putamen that was not seen when itch was absent (t ϭ 7.9; significant also in 7 single-case GLM analyses). Fig. 2 shows this activation in the putamen.
Activations right hemisphere, ipsilateral to the scratch and itch stimuli
Generally, ipsilateral activations were weaker. The strongest activations were again found in the S1 projection area under both conditions. Only in the right hemisphere were negative t-values found in S1 and in M1, indicating a decrease of the BOLD signals in these regions during scratching. These clusters were found under both conditions (with and without itch). They were also significant in almost all single GLM analyses (see Tables 1 and 2) .
These BOLD decreases were found more medial (x axis) and more superior (z axis) compared with the positive activation clusters in S1 and M1 of the ipsilateral hemisphere. This indicates that they are not located in the hand projection area, but in an area representing arm or trunk. Figure 3 , A and B, shows these clusters in the ipsilateral S1 area as obtained during experiment 1 (scratch only, Fig. 3A ) and experiment 3 (scratch during itch, B). The time courses of the BOLD increases and decreases under both conditions show clearly that the negative correlation is due to a BOLD depression during the scratching period, which occurred independently of the itch background.
Interestingly, there was an ipsilateral activation in the tuber of the vermis cerebelli that was stronger in the scratch during itch experiment than in the scratch only experiment. This effect was also significant in 10 of the 14 subjects.
GLM contrasts between the conditions scratch only and scratch during itch
In addition to the individual GLM analyses shown in Tables 1 and 2, we computed also GLM contrasts between the two conditions scratch without itch and scratch during itch. Because the activation patterns in both experiments were rather similar, generally no strong contrasts were found between the two experimental conditions. Most t-values were Ͻ5 (data not shown). There were, however, a few exceptions: In the left motor area (t-value 6.7, P Ͻ 10 Ϫ6 ) and in the premotor cortex (t-value 9.4, P Ͻ 10 Ϫ6 ), the BOLD changes were higher during the scratch during itch condition. Also in the lateral frontal area a highly significant contrast was encountered (BOLD effect stronger during itch, t ϭ 5.2; P Ͻ 10 Ϫ6 ). As expected from the two GLM analyses presented in the preceding text, there was a significant contrast also in the left putamen (BOLD effect stronger during itch, t ϭ 7.5; P Ͻ 10 Ϫ6 ).
In the right hemisphere, significant contrasts were found in S2 and in the parietal association cortex notifying stronger BOLD effects during itch (in both cases, P Ͻ 10 Ϫ5 ). In the posterior insula, activation clusters were found in nine subjects during itch but only in three in the absence of itch (see Tables  1 and 2) ; however, the respective contrast was not significant. Other contrasts indicating stronger BOLD effects during itch were found in the right premotor cortex (t ϭ 5.1; P Ͻ 10 Ϫ5 ) and in the lateral frontal area, BA 45 of the right cortex (t ϭ 5.0; P Ͻ 10 Ϫ5 ). Subcortically, on the right (ipsilateral) side stronger BOLD effects during itch led to two significant contrasts in the cerebellum (t ϭ 5.7 and t ϭ 4.0, respectively; P Ͻ 10 Ϫ6 and P Ͻ 10 Ϫ4 ).
Time course of the BOLD effects related to the itch-scratch cycle
The characteristic effect of the scratching on the itch intensity lead to a predictable rise and fall of the itch perceptions: Itching always increased steadily in the second half of the pause between the scratching periods and declined during the scratching. It was virtually absent in the first 10 s following a scratching period and had its maximum immediately before the 
The table shows significantly activated clusters in the predefined regions of interest (ROIs) during experiment 1 (scratch in the absence of itch). The Talairach coordinates of the cluster centers, t and P values as obtained from the group analysis are given. Significant in Single Study column shows the number of subjects in whom significant activation was found in the single study. Negative t-values indicate a negative correlation between the predictor and the BOLD signal. aMCC, anterior midcingulate cortex; BA, Brodmann area; dPCC, dorsal posterior cingulate cortex; pACC, pregenual anterior cingulate cortex; pMCC, posterior midcingulate cortex; S1, primary somatosensory projection field; vPCC, ventral posterior cingulate cortex. onset of scratching (see Fig. 1 ). To differentiate between the processing of the scratch input itself and of the itch processing, we analyzed the time courses of the BOLD responses. To this purpose, the BOLD responses were averaged over the scratchitch cycles, around the onset of the scratching, and the time courses of the BOLD activations computed (see METHODS). This analysis was performed in the clusters with the most prominent scratch responses in the predefined regions of interest (see METHODS) . Table 3 and Figs. 4 -5 show the results of the analysis of the BOLD time courses. Significant differences were found in the following regions: left S1 and S2 (operculum), contralateral to the stimulated hand (see Fig. 4 ); right S1 in the activation cluster ipsilateral of the stimulated hand. The cluster showing BOLD decreases on this side did not reveal significant differences in the time courses (see Fig. 3B ); right premotor area (BA6); bilateral frontal fields (Fig. 4) ; and left putamen (Fig. 5) .
No different time courses were found in other activated areas, e.g., in the posterior insula and in the cerebellum.
In the clusters showing differences, either the whole time courses were significantly different between the two experiments (ANOVA) or only specific time periods (planned comparisons; see Table 3 ). Notably, a significant difference was always found for the BOLD value around the start of scratching. In some cases, significant differences even started a few seconds earlier (see Figs. 4 and 5) . The BOLD responses are delayed ϳ4 -6 s to the synaptic activity (Davis et al. 1998) , and therefore these findings indicate that the differences are not due to the start of the scratching itself, but to events preceding it, i.e., when the itch perceptions reached their maximum. Only time courses in the putamen were more substantially different, indicating different processing of the scratching response itself in agreement with the GLM analysis, which had shown that only in the presence of itch a scratch response was found in this region (Fig. 5 , Table 3 ).
D I S C U S S I O N
By comparing the BOLD effects of scratching during itch and nonitch conditions, we explored the brain sites relevant for the powerful suppression of itch by scratching. Modulation of the itch sensation was monitored and not the strength of scratching was assessed as by Yosipovitch et al. (2008) . Our scratching stimuli were not regarded overtly painful by the subjects like self-induced scratching to comparable stimuli. Recently it has been conjectured that painfulness is a limiting factor of self-induced scratching in nonneuropathic itch (Carstens 2008) .
Cerebral input from itch and scratching stimulation
When performing the scratch stimuli, we tried to imitate the most usual form of active scratching, which consists of repetitively scraping a skin site with a finger nail at moderate pressure. The input generated by such a stimulus is well known from microneurography experiments. For searching for receptive fields of afferent nerve fibers, experimenters often scrape the innervation territory of the nerve under study, e.g., with a small wooden stick or with The table shows significantly activated clusters in the predefined ROIs (regions of interest) during experiment 3 (scratch during itch). The Talairach coordinates of the cluster centers, t-and p-values as obtained from the group analysis are given. The "significant in SS" column shows the number of subjects in whom significant activation was found in the single study. Negative t-values indicate a negative correlation between the predictor and the BOLD signal. BA, Brodmann Area; dPCC, dorsal posterior cingulate cortex; pACC, pregenual anterior cingulate cortex; S1, primary somatosensory projection field; sACC, subgenual anterior cingulate cortex; vPCC, ventral posterior cingulate cortex. the finger nail (Torebjoerk 1974) . The present scratching device induces comparable sensations and excites the same fiber spectrum according to our experiences from numerous microneurography experiments. Apart from exciting effectively "polymodal" C-nociceptors, the scratching stimulus activates low-and high-threshold myelinted mechanoreceptors. Of the whole spectrum of primary afferents, only pure thermoreceptors and the mechanoinsensitive C-nociceptors (CMi units) probably do not respond (Torebjoerk et al. 1996) . The itch-mediating histamine-sensitive C-fibers belong to this class of mechanically insensitive units (Schmelz et al. 1997) . The design of our scratching during itch experiment involved repetitive input from scratch afferents on a background of continuous low-frequency input from histamine-sensitive CMi units (Schmelz et al. 1997) . While the scratching activated the vast majority of afferent nerves of the stimulated skin site, the itch-mediating CMi units represent not more than 5-7% (Schmelz et al. 1997 (Schmelz et al. , 2003 . The differences between the fiber populations excited by scratching and by the histamine stimulus lead to a rather asymmetric input into the CNS with a dominance of the scratch signal. This dominance of the scratch input is probably reflected in the time courses of the BOLD effects that outlast the scratch periods (see Fig. 4 ). This explains why a possible inhibition of itch mediating neuron groups was not encountered during the scratching.
Previous studies on BOLD effects induced by itch have shown BOLD deactivations in some regions (Darsow et al. 2000; Drzega et al. 2001; Herde et al. 2007; Hsieh et al. 1994; Leknes et al. 2007; Mochizuki et al. 2007; Valet et al. 2008; Walter et al. 2005 ). In the present study, such effects were probably overlaid by the strong BOLD enhancing effects due to the scratching.
Cerebral processing of scratching
Tables 1 and 2 summarize the most significant scratchactivated clusters in the absence and presence of itch. They are strikingly similar. Areas in the projection fields S1 and S2 and in the parietal association cortex were involved together with the anterior and posterior insula, and the anterior and medial cingulum. These regions have often been labeled "pain matrix" (Maihoefner et al. 2005 ) although a similar "matrix" may also be activated by nonnoxious mechanical input from the skin when the attention of the subject is focused to the stimulation (Schoedel et al. 2008 ).
In the somatosensory projection fields S1 and S2, the insula, and the thalamus, activations contralateral to the scratched hand were stronger, whereas the premotor cortex was equally activated on both sides. The strong activation of cortical areas controlling voluntary motor actions seems to indicate that scratching involves motor planning even if it is passively endured. The activations of different regions in the cerebellum may point in the same direction. These activations were predominantly ipsilateral. Similar activations as described in this paper had been observed before by another group employing passive scratching with a cytology brush to the lower legs of subjects (Yosipovitch et al. 2008 ). There was no itch involved in this study. The authors hypothesized that inhibition of cingulate structures by the scratching plays an important role in the suppression of itch. A significant correlation was found between perceived scratch intensity and bilateral deactivation of the ACC (Yosipovitch et al. 2008 ). In the present study, we found negative BOLD effects in the ventral posterior cingulate cortex (vPCC ). They were, however, in the same order of magnitude during itch and no-itch conditions on the left side, while the negative cluster was shifted to dorsal posterior cingulate cortex (dPCC ) in the absence of itch on the right side. These negative BOLD effects were encountered only in half of our subjects (see Tables 1 and 2) . Their significance has to be proven in future studies. Comparison of the scratch activation in primary somatosensory projection area (S1) and motor cortex (M1) during experiments 1 and 3. A and B: selected sagittal and coronar brain slices comparing the BOLD effects related to the scratch activation in S1 and M1. The slices show the BOLD effects in the absence (top) and presence (bottom) of itch sensations in S1 and M1. Activated brain areas related to the scratching are shown in yellow and red, deactivated areas in blue and green.
Much stronger negative BOLD effects were encountered in the ipsilateral S1 and M1 cortical areas in the majority of our subjects. These effects were found at sites superior to the hand projection area, i.e., probably in an area receiving projections from the proximal arm and trunk (see Tables 1 and 2 and Fig.  3 ). There was no significant difference between the negative BOLD clusters in the presence and absence of itch. Recently Kastrup et al. described similar negative BOLD signal changes in the ipsilateral primary somatosensory cortex on electrical stimulation of the median nerve. They found that these negative BOLD signals in the ipsilateral cortex were much more spatially extended than the representation of the hand. They were positively correlated with an increase in stimulus perception thresholds of the contralateral hand, thus supporting the notion that they reflect a functionally effective inhibition of the input from the nonstimulated side (Kastrup et al. 2008) .
While the negative ipsilateral BOLD effects in the S1 cortex might be related to contrast enhancing effects as in the experiments by Kastrup et al., the parallel negative BOLD effects in the ipsilateral M1 cortex are more difficult to explain: they could serve a similar purpose because somatosensory and motor planning and actions are closely intertwined.
For the aim of this study, it is important to note that the negative BOLD effects in the cingulum and in the somatosensory and motor projection areas were found in the presence and absence of itch. We assume therefore that they are not directly involved in the suppression of acute itch.
Impact of the presence of itch on the cerebral processing of scratching
The GLM analysis contrasts revealed significant differences between the trials with and without itching in the right motor and premotor cortex, the left premotor cortex, lateral frontal fields (BA45) of both sides, and a left medial (BA10) frontal cluster. Subcortically, significant contrasts were found in the left putamen and in the right cerebellum. These contrasts suggest a strong involvement of motor planning systems in the processing of the itch-related passive scratching. It affected more the left than the right hemisphere, ipsilateral to the scratching. If the subjects would have performed active scratching-instead of being passively scratched-they would have done it with the left hand controlled by the right hemisphere. However, the significant contrast in the motor cortex (BA 4) was restricted to the left cortex, which controls the stimulated hand. Therefore the observed activation of motor and premotor areas is presumably not predominantly related to suppression of an urge to scratch. Its functional role remains unclear at present.
In several pain studies it has been shown that activation of frontal cortical fields is associated with the anticipation of pain (Ploghaus et al. 1999; Wagner et al. 2004 ). Furthermore, the dorsolateral prefrontal cortex seems to play a major role in the emotional weighting of pain. Bilateral activity in these regions was negatively correlated with perceived pain intensity and unpleasantness (Lorenz et al. 2003) . In a previous study on scratching, activity of the prefrontal cortex has been associated with unpleasantness of scratching (Yosipovitch et al. 2008 ). These results nicely dovetail with our findings that in the GLM contrast analysis, the dorsolateral prefrontal cortex of both sides was activated more strongly during itch-related scratching. Time course analysis revealed that this activation was due to stronger BOLD responses in the period preceding the scratching when the itch sensation reached its maximum and the subjects anticipated the next scratching. One might assume that the anticipation of itch relief had the opposite effect in this region compared with the anticipation of pain.
The putamen had been related to itch processing in previous studies (Leknes et al. 2007; Mochizuki et al. 2007 ). In the present study focusing on scratch processing, we found a clearly different BOLD effect during the scratching periods only in the contralateral putamen. Here significant activation was found only during itch-related scratching. In previous studies, bilateral activation of the putamen by pain stimulation had been reported in early PET (Coghill et al. 1999; Iadarola et al. 1998 ) and also in later fMRI studies (Bingel et al. 2007; Cole et al. 2008 ). Bingel and coworkers found that the putamen belongs to those structures that may be unilaterally activated by nociceptive input pointing to a more specific sensory or reflex function rather than general emotional processing (Bingel et al. 2002) . The unilateral contribution of this structure to the This table shows the results of the ANOVA (repeated-measure design) and the post hoc planned comparisons on blood-oxygen-level-dependent (BOLD) differences between the two conditions: scratch in the absence of itch vs. scratch during itch at certain time points. In the three ROIs printed in bold face (medial frontal BA9, lateral frontal BA46 and putamen), the differences between the whole time courses were significant (see P value of time course). processing of itch-related scratching shown here may also point to a role in the lateralized sensory and motor processing. Interestingly, we did not find activations in the putamen during strong itch stimuli when no scratching was applied (Herde et al. 2007) . Because the putamen is involved in the coordination of motor tasks, it could be involved in coordination of scratching responses to itch.
Characteristics of the itch-scratch-related cerebral activations
Time courses of the BOLD effects during scratch-itch cycles were studied for getting information on the impact of scratching on the cerebral processing of itch. Most prominent differences were found in frontal association areas in the period just before the input of the scratching afferents reached the cortex when the delay of the BOLD response is taken into account. Interestingly, this differential processing during the seconds preceding the onset of scratch were also found in the cortical projection fields S1 and S2 where no differences between scratching experiments with and without itch were encountered in the GLM contrast analysis (see Fig. 4 ). During this period, the itching was strongest (see Fig. 1 ). In contrast, no significant differences were found in the processing of the scratching bouts themselves with the sole exception of the contralateral putamen (see Fig. 5 ).
During the period immediately before the scratching bouts, itching was strongest and therefore the desire for the scratching-related itch relief probably has reached a maximum. Therefore one may assume that these BOLD effects reflect the expectation of the itch-relieving scratch. Alternatively they may reflect the processing of strong itch. The former assumption gives the old definition of itch as "desire to scratch" a new functional meaning. Interestingly, this effect was not only seen in frontal cortical fields, which are related to expectancy, emotional, and attentional processes, but also in the somatosensory projection areas and in the contralateral putamen. The latter subcortical structure showed also a differential processing of scratching itself when it was aimed to relieve itch. 
